Objective: To examine the impact of childhood body mass index (BMI) on timing of puberty, adult stature and obesity. Design: A retrospective school-based cohort follow-up study. Subjects: A total of 1520 men born between 1927 and 1956 with serial height and weight measurements from the age of 9 to 18, followed up in adulthood at a mean age of 63 years. Measurements: Prepubertal (child) BMI; age at peak height velocity (APHV); adult leg length, waist and hip circumference (selfreported), and height and weight (measured). Results: Boys with a higher childhood BMI tended to have an earlier puberty (per s.d. increase in child BMI: À0.31 years, 95% confidence interval (CI): À0.23 to À0.39, Po0.001). Childhood BMI correlated strongly and positively with adult adiposity, as measured by BMI (1.24 kg/m 2 , 95% CI: 1.04-1.45, Po0.001), waist (1.94 cm, 95% CI: 1.50-2.37, Po0.001) and hip (1.91 cm, 95% CI: 1.55-2.28, Po0.001). It correlated inversely with leg length (À0.40 cm, 95% CI: À0.68 to À0.12, P ¼ 0.005), but not significantly with height or trunk length. Boys with a later puberty tended to be taller (per s.d. increase in APHV: 0.57 cm, 95% CI: 0.17-0.97, P ¼ 0.006) and less adipose as adults (À0.55 kg/m 2 , 95% CI: À0.33 to À0.77, Po0.001).
Introduction
There is growing concern about the prevalence of childhood obesity in the developed world. 1, 2 In particular, childhood obesity within the contexts of pathways to adult disease is receiving greater attention, given the convincing evidence demonstrating that childhood obesity tracks into adulthood and has implications for long-term health and longevity. [3] [4] [5] [6] [7] [8] [9] As with adults, obesity in childhood leads to hypertension, dyslipidaemia hyperinsulinaemia, and other adverse cardiovascular disease risk profiles. [10] [11] [12] [13] Obesity results from an imbalance between energy intake and expenditure. Several critical periods have been suggested in the development and persistence of obesity. 14, 15 Regarding the prenatal period, there is a direct association of high birth weight with subsequent adiposity. 16 Thereafter, in the first year of life, children undergo changes in nutritional behaviour, which may influence adiposity in later life. 17, 18 Another supposed crucial period is ages of 5-8 years, when adiposity increases after its nadir in childhood, the so-called 'adiposity rebound'. 19 Although an early adiposity rebound is thought to serve as an index of later obesity, 20, 21 this probably reflects upward centile crossing. 22 The final risk period for the development of persistent obesity is adolescence. [23] [24] [25] [26] The relationship between childhood obesity and adult anthropometry has been the subject of limited research. The available evidence suggests that overweight in childhood is associated with increased risk of adult obesity and shorter adult stature. [27] [28] [29] Adolescence manifested by puberty represents a major landmark in maturation, characterized by physical and physiological changes. 30 The long-term implication of puberty occurring at an earlier or later than average age is the subject of considerable research. [31] [32] [33] [34] [35] [36] [37] However, the association between pubertal onset and adult anthropometry has been poorly described due to the paucity of accurate data on the timing of puberty. This paper describes a longitudinal school-based cohort in which the impact of childhood obesity on the timing of puberty, final attained adult stature and obesity is examined.
Methods

Study population
The study population for this retrospective cohort follow-up study comprised 3175 former male students of Christ's Hospital (CH) born between 1927 and 1956. Students born in these years attended CH in Horsham, West Sussex, between 1936 and 1969. During this period, students had regular measures of height and weight conducted by the School Medical Officer. Dr Gerald Edward Friend, an influential figure in the field of schoolchildren's nutrition, [38] [39] [40] [41] was Medical Officer at CH from 1913 to 1946. He is credited with implementing a regime of regular growth monitoring that was maintained within the school for decades. 42, 43 The regime of twice-a-term height measurements and thrice-a-term weight measurements implemented since 1918 is considered remarkably good data for the period. 42 Growth record cards with height and weight measures were found for all the above students and formed the basis of defining this all-male cohort. The cohort at the time of initiating follow-up was aged between 45 and 74 years.
Ethics approval
The South West Multi-Centre Research Ethics (MREC) approved tracing of this cohort and the establishment of follow-up contact. The approval and support of the data custodians, CH, was also received.
Cohort tracing and follow-up
The NHS Central Register (NHSCR) in the United Kingdom conducted tracing of the cohort members using available personal details (forenames, middle names, surnames and dates of birth). For those successfully identified on the NHSCR, notification of cancer registration, date and cause of death, area of current primary care registration and emigration details were provided. A detailed self-administered Health and Lifestyle postal questionnaire was developed to follow-up members of the CH cohort. The questionnaire contained six main sections that covered the participant's medical history, past and current lifestyle factors, current and recalled anthropometric measures, family history for parents, siblings and offspring, self-rated questions related to general health and activities of daily living, and sociodemographic factors.
Self-reported anthropometry comprising participant's current leg length, waist and hip measures was requested. A tape measure and detailed instructions were provided.
A combination of the CH alumni network and the NHSCR traced area of current primary care registration was employed to invite each cohort member. Cohort members who participated in the study by completing a questionnaire were also invited to provide further consent for attending a clinic appointment to provide blood specimens and allow measurements of blood pressure, height and weight to be taken.
Participant's trunk length was calculated by subtracting leg length from adult height. In addition, data pertaining to family sociodemographic background and participant's medical history at school entry were accessed from school entry records, where consent was provided.
Data
The cohort members had on average 54 (s.d. 716) anthropometry measures during their time at CH (ages 9-18). Given the number of measurements, some errors were inevitable. As it is not desirable to interpolate growth data when the data are contaminated with noise, a natural cubic smoothing spline was applied to each individual's growth curve. Spline smoothing trades smoothness of the fitted function against conformity to the data by pasting together cubic polynomials so that at the knots the curve has continuous first derivatives. 44, 45 The first derivative of the smoothed growth trajectory yields the velocity curve.
Smoothed height and weight data were used to calculate body mass index (BMI), which was transformed to an agespecific z-score using an internally derived reference. The analyses for childhood obesity in this study relied on participant's childhood prepubertal BMI, as indicated by their BMI z-score at entry to CH.
The longitudinal data for each cohort member were characterized by a parsimonious set of biologically meaningful adolescent growth parameters that included the timing of maximum pubertal growth. This latter measure, known as the age at peak height velocity (APHV) provides an indication of the timing of puberty and was obtained from the peak of the first derivative of an individual's smoothed height trajectory. Classification of the maturity process according to APHV is reliable and widespread. status (traced, untraced, participant, nonparticipant, nonresponder). For continuous variables, Student's t-test was used to test the difference between two groups, while categorical variables were compared using cross-tabulations and w 2 tests.
Multiple linear regression was used to assess the independent association of childhood prepubertal BMI and APHV with adult anthropometric measures (height, leg length, trunk length, BMI, waist and hip circumference). The exposure variables (prepubertal BMI and APHV) were entered into statistical models as quartiles, with adjustment for year of birth. Given the observed increase in anthropometric measures across each successive year of birth in this cohort (data not shown), control for secular trends in all analyses was performed using an individual's year of birth. The adjusted means, 95% confidence intervals (CI) and P-values for linear trend are presented graphically. In addition, the exposure variables were examined as continuous data, with further mutual adjustment for prepubertal BMI or APHV. The adjusted regression coefficient, and its 95% CI, per standard deviation change in exposure variable was reported.
All analyses were conducted using Stata version 7.0. 49 
Results
Trace status and response rate
In all, 82% (n ¼ 2593) of cohort members were successfully traced against the NHS CR ( Figure 1 ). An invitation to participate in the study was sent to 89% (n ¼ 2308) of the traced cohort members known to be alive. At the time of completing follow-up, 66% (n ¼ 1520) agreed to participate by completing the questionnaire. A comparison of baseline differences between the traced (n ¼ 2593) and untraced (n ¼ 582) members revealed that untraced subjects were more likely to have been born later and to have left CH at a younger age (Table 1) . In contrast, participants were more likely to have been born earlier, while later-born cohort members were more likely to be nonresponders. Both non-participants and non-responders left school at an earlier age than the participating members of the cohort.
Data were of sufficient quality to determine APHV for 99.7% of the participants, with the mean APHV of 14.3 years very similar to that reported by Tanner et al. 50, 51 Adult anthropometry was more variable due to self-report (Table 2 ). Impact of childhood BMI on timing of puberty and adult size J Sandhu et al
Prepubertal BMI and timing of puberty Childhood prepubertal BMI z-score and the timing of puberty (APHV) were inversely related ( Figure 2 ). For each standard deviation increase in childhood prepubertal BMI, the APHV decreased by 0.31 years (95% CI: 0.23-0.39, Po0.001).
Prepubertal BMI and adult anthropometry Prepubertal BMI z-score was associated with adult anthropometry in two ways ( Figure 3 ): participants with higher childhood BMI were both shorter and with a higher BMI in adulthood. Prepubertal. BMI was strongly positively correlated with adult BMI, waist and hip circumference (Table 3) . It was also weakly inversely correlated with adult stature, and more strongly inversely with leg length. Prepubertal BMI and trunk length were not correlated.
Timing of puberty and adult anthropometry APHV was strongly positively correlated with adult stature and leg length, but not trunk length. Conversely, APHV was strongly inversely associated with adult BMI, waist and hip circumference (see Figure 4 and Table 3 ).
Discussion
The main finding of this longitudinal study was that higher childhood prepubertal BMI and an earlier timing of puberty were independently associated with increased BMI, hip and waist circumference in adulthood. Furthermore, the timing of puberty was positively associated with adult height and leg length, but not trunk length.
The strong relationship between childhood BMI and the timing of puberty lends support to the critical mass theory of sexual maturation. 52 Consistent with this is the positive association of childhood BMI with serum leptin levels, and that leptin levels rise gradually with age prior to puberty in adolescents, suggesting that a threshold effect may trigger puberty. 53, 54 In addition to leptin, it has become increasingly evident that adipose tissue is a source of a large number of other secreted signals, including adiponectin, resistin and several adipocytokines, 55 and is an active site for the conversion of cortisone to the more active cortisol 56 and of androgens to oestrogen. 57 The accumulation of adipose tissue could therefore contribute in many ways to the orchestrated controls for pubertal development. The changes in height velocity around puberty depend fundamentally on changes in circulating hormone levels, which in themselves are determined to a certain extent by nutrition. 58, 59 Given that individuals with a higher prepubertal BMI, presumably reflecting positive energy balance, are better able to cope with the physiological demands of puberty, it is perhaps not unsurprising that these individuals enter puberty earlier.
Higher BMI in childhood may result in an earlier puberty and subsequent earlier cessation of growth, with consequent interruption to lean body mass acquisition. Growth of components of the body does not occur in parallel. Rapid growth of the limbs precedes that of the trunk, with the former occurring before APHV and the latter more so after APHV. 60 An earlier timing of puberty results in less prepubertal growth, and the earlier fusion of the epiphyses to the shaft of long bones, thereby reducing the growth plate to nothing. This cessation of growth results in a shorter adult stature than would be possible with a later puberty. Relationships with adult anthropometry are evident with the timing of puberty among participants. As indicated by APHV, an earlier timing of puberty was found to result in shorter stature but greater adult BMI, in contrast to a taller stature and lower adulthood BMI from a later puberty. These associations with stature are particularly strong for leg Figure 2 Childhood pre-pubertal BMI and timing of puberty. Quartiles of pre-pubertal BMI z-scores and mean APHV adjusted for secular trends (year of birth). 95% CIs and test for trend across quartiles shown.
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As previously suggested by Karlberg and colleagues from the Swedish longitudinal cohort study, 28 it is clear that overnutrition in childhood is not beneficial to the final attained adult height, as the temporary increase in height gain in childhood would be compensated by an earlier timing of puberty, and a subsequent subnormal height gain in adolescence. Metabolic changes associated with being overweight in childhood and adolescence may also create an environment conducive for chronic disease manifestation. This has implications for our understanding of adult height and disease associations. [61] [62] [63] [64] [65] This study also raises the question of whether early maturing boys are at increased risk of adverse obesity-related health disorders in adulthood. 66 The persistence into adulthood has consequences on the quality of life and disability in the elderly, with disability appearing 10 years earlier in obese persons. 67 
Study strengths and limitations
The main strength of our study is the availability of detailed anthropometric data in adolescence on a relatively large cohort with long follow-up time and a high participation rate for provision of adult anthropometry. By examining the indicators of adiposity in adulthood, 50 years after the process of biological maturation was complete, the impact of early and late puberty in adolescence could be assessed. The adolescent growth spurt was determined as an indicator of somatic maturation. The frequent measurements of height resulted in high accuracy and reliability of APHV, and consistency in agreement with self-reported age at shaving initiation -a late-stage puberty event (data not shown).
The main limitation of this study is the fact that leg length, waist and hip circumference were self-reported. While these data may yield some misclassification, the selfreported adult height and weight data were highly correlated with clinic measures.
The use of BMI as a measure of obesity does not differentiate between lean mass and fat mass. However, the measures of central adiposity used (waist and hip circumference) showed a stronger association with prepubertal BMI, suggesting the role of fat mass rather than lean mass. Lean body mass is associated with androgen and other growthfactor activity, while fat mass is indicative of oestrogen activity. 68, 69 Further work to establish the relative contributions of fat mass, fat-free mass and bone mineral content from childhood to adulthood may present better understanding of the natural progression of many chronic diseases, and provide opportunity for primary disease prevention. 70 
Implications
The increasing global prevalence of obesity in genetically stable populations suggests that environmental factors during critical growth periods must underlie the obesity epidemic. 71 If so, the existence of critical periods would permit preventive efforts to be targeted at the appropriate developmental stage. However, the relative contribution of each period, preceding the adolescent growth spurt, to the prevalence of adult obesity is unclear. While we have documented the tracking of prepubertal obesity into adulthood, we are unable to determine the first incidence of obesity. This is particularly important to determine whether the age at onset has differential effects on the persistence, morbidity and mortality effects of obesity. The observations in this study suggest that the most important long-term consequence of childhood obesity is its persistence into adulthood, and that it contributes to the burden of obesity-related disease. With the high prevalence of obesity in children and adolescents worldwide, the call for clinical and public health action is increasing. 72 What is essential though is caution in ensuring that normal processes of growth and maturation are not disrupted. The factors that contribute to the onset and persistence of childhood obesity require more focus. Impact of childhood BMI on timing of puberty and adult size J Sandhu et al Impact of childhood BMI on timing of puberty and adult size J Sandhu et al
